Background Low serum 25-Vitamin D levels are associated with advanced fibrosis in hepatitis C infection. Vitamin D supplementation has been hypothesized to augment response rates to interferon-based therapy. To date, no investigation has evaluated vitamin D levels during directacting antiviral therapy. We aimed to evaluate the prevalence of vitamin D deficiency in cirrhotic and non-cirrhotic cohorts, the predictive value of pretreatment levels for a sustained virologic response, and the changes in 25-OH vitamin D levels during direct-acting antiviral therapy.
Introduction
Vitamin D is an essential hormone for calcium homeostasis [1] ; endogenous vitamin D (from skin exposure to ultraviolet B radiation) or ingested vitamin D is converted to 25-hydroxyvitamin D by hepatic microsomal vitamin D hydroxylases. The majority of 25-hydroxyvitamin D is subsequently converted to its active form, calcitriol, 1,25 (OH) 2 D, in the kidney and to a lesser extent in various other tissues, including the liver, adipose tissue, macrophages, and dendritic cells [2, 3] . Owing to its relatively long half-life (2-3 weeks), 25-hydroxyvitamin D level is the best measure of storage; however, there is no clear consensus regarding optimal vitamin D level [1, [3] [4] [5] . The Endocrine Society Clinical Practice Guidelines currently define serum levels <30 ng/mL as insufficiency and levels <20 ng/mL as deficiency [4] .
Recently, there has been significant interest in the association of serum 25-vitamin D levels and supplementation during the natural history and treatment of chronic hepatitis C virus (HCV) infection [6, 7] . In vitro, vitamin D increases the expression of interferon-stimulated genes (ISGs), which augment innate and adaptive immune responses against Banner University Liver Disease Center, University of Arizona College of Medicine Phoenix HCV [8] . Further in vitro investigation has identified a synergistic effect of calcitriol supplementation with interferonalpha to suppress HCV viral replication in Huh-7.5 cells [9] . In addition, calcitriol may play a role in viral suppression independent of vitamin D receptor activation [10] .
Previous investigations have identified an inverse relation between serum vitamin D level and stage of fibrosis [11] [12] [13] . In a recent meta-analysis, vitamin D levels of <10 ng/mL and <30 ng/mL were associated with significant odds of advanced fibrosis [12] . Additionally, an investigation in an Asian cohort of HCV and HCV/HIV coinfection found vitamin D deficiency to be an independent predictor for advanced fibrosis [13] .
Although the correlation between low vitamin D status and advanced fibrosis stage is often corroborated, the issue is controversial and consensus on pretreatment levels and their influence on a sustained virologic response (SVR) to antiviral therapy has proved elusive [11] [12] 14, 15] . A study by Kitson et al evaluated 274 patients with hepatitis C genotype 1 undergoing treatment with pegylated (peg)-interferon plus ribavirin for up to 48 weeks and found that subjects who failed to achieve SVR had lower mean pretreatment vitamin D levels (30.7 vs. 33.9 ng/mL; P=0.03) and a greater prevalence of vitamin D levels <30 ng/mL (53% vs. 40%; P=0.03). However, on multivariate analysis no significant association was found between vitamin D levels and SVR [15] . In a follow up meta-analysis, no significant association between baseline 25(OH) D levels and SVR existed in patients treated with peginterferon plus ribavirin [16] . In contrast to the above reports, a meta-analysis by Garcia-Alvarez found (when outliers were excluded) that low vitamin D levels were associated with lower odds of achieving SVR [12] .
Previous studies have evaluated associations of vitamin D and treatment outcomes in the context of interferon-based therapy. To date, no investigation has evaluated the influence of vitamin D levels on SVR with direct-acting antiviral (DAA) therapy. The purpose of this study was to evaluate the association of vitamin D levels with cirrhosis in an HCV-infected cohort and to assess the predictive value of pretreatment serum 25-vitamin D level for achieving SVR12, defined as viral load undetectable or below the level of detection 12 weeks post therapy. Secondary objectives included evaluating the change in serum 25-vitamin D levels during DAA therapy and determining if the change in levels was predictive of SVR.
Patients and methods

HCV treatment population
After protocol approval by the institution's Review Board, 218 patients with chronic hepatitis C who completed DAA therapy between January 2013 and December 2015 were consecutively enrolled. Subjects received one of the following regimens, in accordance with AASLD/IDSA guidelines at the time of enrollment [17] Regimens utilizing RBV were weight-based, with initial dosing of 1000 mg daily in patients weighing <75 kg and 1200 mg daily in those weighing ≥75kg and dose reductions allowed at the physician's discretion. End of treatment response (ETR) was defined as a viral load undetectable or below the level of detection at the completion of the regimen. SVR12 was defined as a viral load undetectable or below the level of detection 12 weeks post therapy.
Vitamin D measurement and clinical characteristics
25-hydroxyvitamin D levels were assessed prior to the start of therapy and at ETR with chemiluminescence immunoassay; concentrations were recorded in ng/mL. The following operational definitions for baseline vitamin D levels were employed: severe deficiency, vitamin D level <10 ng/mL; deficiency, ≥10 ng/mL and <20 ng/mL; and insufficiency, ≥20 ng/mL and <30 ng/mL. Advanced liver fibrosis (cirrhosis) was determined using one or more of the following methods: liver biopsy, elastography, FibroTest (BioPredictive®), or crosssectional imaging consistent with cirrhosis. Demographic characteristics were assessed prior to the initiation of treatment and included age, sex, ethnicity, previous treatment history/ outcome, genotype, and viral load.
Statistical analysis
Descriptive statistics, including frequencies, chi-square and t-tests, were used for the baseline demographics and the association of vitamin D with fibrosis. Pearson correlation coefficients were used to determine the magnitude and direction of the relationship between pretreatment vitamin D and other markers of liver disease. Sequential data points were analyzed with repeated measures ANOVA to evaluate significant changes between time points controlling for covariates including age, sex, and body mass index. To determine whether pretreatment vitamin D levels or changes in the levels were predictive of SVR12, binary logistic regression was conducted, controlling for age, sex, and body mass index. The significance level was set as a P-value of 0.05. SPSS Statistics software (Version 22) was used for the statistical analyses.
Results
Baseline demographics
Two hundred eighteen patients completed therapy with DAA ( Table 1 ). The mean age of the population was 56±10.4 years old and 65% were male. Genotype 1 predominated (n=134, 61.5%) followed by genotype 2 (n=53, 24.3%), genotype 3 (n=26, 11.9%), and genotype 4 (n=5, 2.3%). Patients were predominately Caucasian (n=143, 65.6%), followed by Hispanic (n=48, 22%) and African American (n=12, 5.5%). A total of 117 (53.7%) patients were treated with SOF and RBV, 37 (17.0%) with INF, SOF, and RBV, 51 (23.4%) with SMV and SOF, 11 (5.0%) with LDV and SOF (Harvoni), and 2 (0.9%) with LDV, SOF and RBV. A total of 95 patients (43.6%) were noncirrhotic; of these, 25 (11.4%) had stage 1 fibrosis, 29 (13.3%) stage 2, and 41 (18.8%) stage 3. One hundred twenty-three (56.4%) patients were cirrhotic, with an average MELD score of 9.6. One hundred thirty-nine (64%) were treatment-naïve and 79 (36%) were interferon-experienced. Of those with previous interferon exposure, 57 (26%) were non-responders and 22 (10%) were relapsers. Ninety-eight percent of the population (n=213) achieved ETR. Seventy-nine percent of the population (n=172) achieved SVR with 19% (n=44) of patients relapsing. SVR rates were 71% in cirrhotic patients versus 96% in non-cirrhotic.
Pretreatment vitamin D levels and cirrhosis
Overall, 43% (n=93) of subjects were found to have vitamin D deficiency (vitamin D <20 ng/mL) and 33% (n=72) were found to have insufficiency (vitamin D 20-30 ng/mL). There was no significant difference in pretreatment mean level of vitamin D in patients with and without cirrhosis (23.6±16.7 versus 27.2±14.8 ng/mL). However, more cirrhotic patients than noncirrhotic patients had vitamin D deficiency (≥10 ng/mL and <20 ng/mL) (P=0.04). The same was true for severe vitamin D deficiency (<10 ng/mL) (P=0.04). Vitamin D insufficiency (≥20 ng/mL and <30 ng/mL) was seen in similar numbers of both cirrhotic and non-cirrhotic patients (Table 2) .
Pre-treatment vitamin D levels in the cirrhotic population were also found to have a negative correlation with Model for End-Stage Liver Disease (MELD) score (r=-0.240, P<0.01), total bilirubin (r=-0.263, P<0.01), and international normalized ratio (INR) (r=-0.214, P<0.05), demonstrating that cirrhotic patients with higher pretreatment vitamin D levels were more likely to have lower MELD scores, total bilirubin level, and INR.
Vitamin D levels at baseline and ETR and response to therapy
A pretreatment vitamin D level >20 ng/mL was not associated with a higher SVR12 rate: 76% (71/93) of patients with vitamin D levels <20 ng/mL achieved SVR versus 81% (101/125) with vitamin D level >20 ng/mL. Severe vitamin D deficiency and vitamin D insufficiency were also not associated with significant differences in SVR. Similarly, neither pretreatment and end of treatment vitamin D levels nor the change in level were predictive of SVR12 in either cirrhotic or non-cirrhotic patients. ETR vitamin D levels did not change significantly in either the cirrhotic or the non-cirrhotic population. Similarly, the change in vitamin D levels during treatment was not significant in subjects achieving SVR12, or in patients who failed DAA therapy (Table 3) . Insufficiency <30 ng/mL), deficiency (<20 ng/mL), severe deficiency (<10 ng/mL)
Discussion
Vitamin D and associated metabolites are known to have pleiotropic effects beyond calcium homeostasis [1] [2] [3] 18] . There is considerable interest in evaluating the influence of vitamin D deficiency and supplementation on the course and treatment of chronic liver diseases. Vitamin D has been shown to influence the expression of interferon-stimulated genes [8] and to suppress HCV viral replication [10] . Additionally, emerging data indicate that vitamin D deficiency is associated with advanced degrees of fibrosis in chronic HCV infection and that this association may be more pronounced depending on ethnicity [19] . Racial differences in vitamin D physiology or race-specific factors may modify immune responses during the course of chronic HCV infection [20] . Additionally, other factors that may influence the interplay between vitamin D and a sustained virologic response include polymorphisms in vitamin D binding protein [2] , interleukin 28B polymorphisms, degree of fibrosis, genotype, and dyslipidemia [21] .
Controversy exists regarding the utility of vitamin D levels and their supplementation in conjunction with antiviral therapy to augment a sustained virologic response to therapy [11, 12, [14] [15] [16] . Previous investigations have evaluated the role of vitamin D with interferon-based therapies, but no such studies have evaluated its utility in conjunction with DAA therapy.
Similar to previously reported data [3] , we found a high prevalence (43%) of vitamin D deficiency (<20 ng/mL) in the chronically infected cohort; with significantly higher rates in the cirrhotic subpopulation compared to subjects with lower stages of fibrosis. In addition, correlation analysis in the cirrhotic cohort identified significant inverse associations of vitamin D level with serum INR, total bilirubin, and MELD score.
To our knowledge, this is the first examination of vitamin D levels during the course of DAA therapy. With DAA treatment, vitamin D levels modestly increased in all populations but the change was not significant (Table 3 ). In addition, neither the pretreatment level nor the change in levels during DAA therapy was associated with SVR12. DAA therapy represents a targeted therapeutic approach, unlike peg-interferon and ribavirin; hence, any beneficial pleiotropic effect of vitamin D sufficiency on innate/adaptive immune responses may be obviated. Although vitamin D levels may no longer influence SVR with improved therapeutic agents, further studies are needed to determine optimal levels in patients with cirrhosis, as supplementation may still be of benefit given its pleiotropic effects on calcium homeostasis, the cardiovascular system, diabetes, and autoimmune diseases [1, 2] .
It should be noted that 25-hydroxyvitamin D levels were relatively higher in our population compared with a previous meta-analysis [12] . A limitation of this investigation is that it was performed at a single center, in an environment with high levels of ambient sunlight exposure. Furthermore, a commercially available chemiluminescence assay was used to measure 25-OH vitamin D levels. Such assays have increased variation and higher bias compared to other modalities, such as liquid chromatography or tandem mass spectrometry [24] . Finally, the changes in vitamin D levels were measured at ETR; longitudinal analysis over a relatively short timeframe (often 3 months with direct acting antiviral regimens) may not allow sufficient time to see a demonstrable improvement in vitamin D levels and global hepatic function. Ongoing, prospective assessments at SVR and beyond would be necessary to draw firmer conclusions.
Further prospective investigation is needed to compare varied geographic latitudes and to evaluate differences among minority populations. In addition, for the regimens employed, our reported SVR12 rate for the cohort is lower than that in published phase II/III clinical studies [22, 23] . The investigation represents experience with second-generation DAA therapy. 
